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Abstract 
1 13 11 H, 'F and B nuclear 

magnetic resonance studies are 
reported which characterize the 
complexes of borer trifluoride 
with monoetTiVlamine and with 
pipe.-idine , &F_ :NĤ C ,Ht and 
BF -NHC H , respectiveiv. These ? 0 lO 
complexes are used as catalysts 
for the cure of high performance 
C fiber-epoxy composites frcm 
P"epregs. The chertica'. composi­
tion of commercial BF.,: amine 
complexes are variable and con­
tain BrT and BF.(OH!" 
salts togetner with other 
u-.identified highiy reactive 
species. The BF : amine 
complexes, which are susceptible 
to hydrolysis, also 
partially convert to the BF,, =-li. 
(i.e. BF~NH*C H ) upon heating. 
This salt formation is accelerated 
in dimethyl sulfoxide solution and 
in the presence of the epoxides 
that are present in commercial 
prepregs. Commercial C fiber-epoxy 
prepregs are shown to contain 

BF.. :NHC H stecie; 5 10 

either BF ,: NiLC^K, or 
•ether with 

their 3F, salts and a variety of 
toror.-fluorine or carbcr.-fiuorine 
prepreg species. Considerable 
variation in the relative quanti­
ties of BF_:amine to it's 5~7 

5 •> 

salt was observed from prepreg 
lot to let, which will cause 
variable viscosi t y-tim~-; e.iperature 
prepreg cure profiles. It is 
concluded that the chemically 
stable and mobile BF salt is the 
pre-ioitinar.t catalytic species, 
acting as a catior.ic catalyst for 
the prepreg cure reactions. During 
the early stages of cure the BF : 
amine catalyst converts to the BF 
salt in the presence of epoxides, 
whereas the BF -prepreg species are 
susceptible to catalytic deactiva­
tion and immobilization. 

"Keywords": BF:amine 
catalysts, cure reactions, 
processing, prepregs. 
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I. INTRODUCTION 
Diaminodiphenyl sulfone (DDS) 

cured tetraglycidyl H,t' diaminodi­
phenyl methane (TGDDM) epoxies are 
the most cort-ion composite matrices 
utilized in high performance 
fibrcus composites. 

The TGDDM epoxide monomer is a 
liquid at 2?°C, whereas the DDS 

with a c.p. cf 16? T. Tr.e 
:onii~er c ia 11 y ava;latle p~epreg 
resins such as Narmco 5208**, 
Fiberite a^ and Hercules 3501, 
all primarily consist of the 

systems also boron 

t r i f l u o r i d e c a t a l " s t s . 

To manufacture r e p r o d u c i b l e Z 

fiber-TGDDM-DDS epoxy composi tes 

wi th w e l l - d e f i n e d l i f e t i m e s in 

s e r v i c e environment r e q u i r e s a 

knowledge cf the parameters t h a t 

a f f e c t composite p roces s ing c o n d i ­

t i o n s and the r e s u l t a n t s t r u c t u r e 

of the epoxy wi thin the compos i t e . 

The cure r e a c t i o n s d i r e c t l y con­

t r o l t he composite p r o c e s s i n g and 

f i n a l epoxy network s t r u c t u r e . 

Hence, i t i s impor tant t o unde r ­

s t and the cure r e a c t i o n s and the 

v a r i a b l e s that a f f e c t such r eac ­

t i o n s . In previous s t u d i e s we 

have reported: ( i ) sys temat ic 

Fourier transform infrared s p e c t r o ­

scopy (FTIR) s t u d i e s of t he cure 

r e a c t i o n s of TGDDH-DDS e p o x i e s a s 

a f u n c t i o n of cure c o n d i t i o n s , DDS 

c o n c e n t r a t i o n and the p re sence or 
"4-7) absence of a BF c a t a l y s t ' ; ( i i ) 

t he e f f e c t s of inhomogeneous 

p h y s i c a l mixing of t he TGDDM-DDS 

components and t h e i r degree of 

chemical p u r i t y on tne r e s u l t a n t 

epoxy chemical and phys i ca l s t r u c -
(5 7 3 ; t a r e ' ' ' ; ( i i i ) the r e l a t i o n s 

between the phys ica l s t r u c t u r e , 

tne modes cf deformation and f a i l ­

u r e , and the mechanical p r o p e r t i e s 
(9 ,10 ) of TGDDH-DDS epoxies and 

( i v i how s p e c i f i c combina t ions of 

m o i s t u r e , hea t and s t r e s s a f f e c t 

t h e i r p h y s i c a l and mechanical 
(5 ,11-1 ' . ) i n t e g r i t y . 

The cure reactions, the 
viscosity-tine-temperature 
profile, the processing condi­
tions, the resultant epoxy chemi­
cal and physical structure, and 
the mechanical response of a C 
fiber-TGDDM-DDS cured epoxy compo­
site are modified by the presence 
of a EF^-amine complex catalyst 
within the prepreg. These factors 
will also be modified by the dis­
tribution of the catalyst within 
the prepreg, its chemical composi­
tion and any modification of its 
structure and activity as a result 
of exposure to and/or interactions 
with heat, moisture and the epox­
ide and amine components within 
the prepreg. 

••Reference to a company or product name does not imply approval or 
recommendation of the product by the University of California or the 
U.S. Department of Energy to the exclusion of others'that mav ho suit-.ah1" 



The two most common BF -
amine catalysts used commercially 
tD cure epcxies are boron 
trifiuoride-monoethylamine and 
boron trifluoride piperidine 
crmp.exes. Such complexes are 
latent catalysts at room tetr.pera-
:urf but tnbance epoxide group 
reactivity at htgher temperatures. 

1 l'~* 

In this paper we report h, F, 
and U B NMR studies of BF_ : NH_,C\,HC 

ar.c BF.:NHC,H.^ complexes, with 
principal emphasis on the former. 
Our aims were to determine: ii) 
the chemical composition of 
commercial 5F_,: amine complexes, 
(ii) their thermal stability in the 
stlid-state and also in solution, 
liiii the effect of moisture and 
heat upon their composition, (iv) 
the nature of their interaction 
with the epoxide and amine compo­
nents utilized in TGDDM-DDS 
commercial prepregs, (v) the 
composition of BF -amine complexes 
in commercial prepregs, U'i) their 
thermal stability in the prepregs 
and (vii) identification of the 
chemical structure of the predomi­
nant catalytic species of the cure 
reactions of the prepreg. 

2. EXPERIMENTAL 
2.1. Materials 

The BF-,:NH-,C.H samples investi-3 c c b 
gated were obtained from Alfa, 
Pfaltz and Bauer, Harshaw and K. 
and K. Chemical Companys. The C 
fiber-TGDDM-DDS prepregs investi­
gated were Fiberite 93^ and 
Hercules 3501. 

2.2 Experimental 
Model compounds and samples of 

the chemical constituents of the C 
fiber-TGDDM-DDS prepregs nere 

dissolved in dimethyl sulfoxide 
(DMSO) and sealed in 5 mm glass 
tubes suitable for investigation 
by NMR. 

For catalyst studies, 
solutions were usually in the 
0.C-I.0 M concentration range. 
Prepreg samples were preps-ed by 
cutting a 1.0 gm sample of prepreg 
material into 1/n inch pieces, 
removing the backing and placing 
the remaining 0.79 guis into a vial 
equiped w^'h an Al foil lined cap. 
3 ml of dry DMS0-d6 were added and 
the sample was agitated on a roto-
rary stirrer and allowed to stand 
overnight in order to assure com­
plete solution of the soluble 
components. 

Spectra were obtained on a 
NT-200 Fourier Transform N'MR 
spectrometer using a super conduc-

1 19 ting magnet. To observe H, F 
and B signals the spectrometer 
frequencies were 200.071, 188.228 
and GM.igO MHz respectively. 

3. RESULTS AND DISCUSSION 
3.1 • Chemical Composition 

The chemical composition of 
the commercial nBF :NH,C H " 

1 19 samples was investigated by H, F 
and n B NMR. 

The H NMR spectrum of 
3F :NH C H should exhibit peaks in 
three separate regions , namely, the 
CH. region a t highest f ie ld , the 



CH region at an intermediate 
field and the NH region at lowest 
field. The theoretical peak inten­
sity distribution should be 3:2:2 
for the CH , CH and NH regions, 
respectively. In general the spec­
tra of two components were observed. 
The major component 
spectra consisted of a CH triplet 
1 1 .0^0 p pm' , a CH, quartet (2.612 2 
ppm) and an NH_ signal (0.15' ppxj. 
The intensity ratios were 3:2:2 
respectively and this spectrum was 
assigned to the BF :NH/ ,H_ 
structure . 

A second ?ompor.er. t was evident 
in the proton NMR spectra, 
characterized again by a CH 
triplet (1.121 ppm), a CH quartet 
(2.803 ppn) and an NH'OH peak frcn: 
labile prctons (7.27 to 7.63 ppm). 
Intensity ratios were 3:2- approxi­
mately 3- Tne CH^ peaks were 
sharp and showed no indications of 
additional spin coupling. The spec­
trum is attributed to (BF, or 
BF OK") NH*f H species. The pro­
ton intensity measurements would 
indicate that BF is the dominant 

10 The 'F NMR spectra of the 
commercial "BF :NH C H " samples 
were investigated. The major com-

19 ponents identified in the F 
spectra were BF :NH C_H , BF~, 
and BF (OH) species and an uniden­
tified highly reactive BF., species 
with an NMR peak in the region of 
BF (OH)". The BF :NH C H 
structure, which was identified by 
H NMR, is also consistent with 

observed 1:1:1:1 1 9 F and 1:3:3:1 l i B 
NMR quartets where J__=17.0 Hz.. BF 
The BF^ species was identified by 
its known chemical shift, together 
with cur independant measurement? 
on NaBF^/DMSO solutions. The 
BF.(OH) species was identified by 

3 (11 l c ) 
(i) its known chemical shift, *" ' J 

(ii) an observed 1:3:3:1 quartet 
in the ~~E NMR spectrum and (lii) 
the observation of it's formation 
from the reaction of BF_:NH,C,H_ 3 2 2 5 
with H.,0 (see later section 
"Hydrolytic Stability".) 

ic Tne major F environment in 
the Bauer material shows neither 
the sharp lines of a symmetrical 
BF environment, nor the well 
resolved 1:1:1:1 quartet patterns 
of amine:BF adducts. Instead a 
single broad line (50Hz) is observed 
in the region or BF^OH-. The B 
resonance of this species is also a 
single broad line. We conclude 
that an unsymmetrical electronic 
environment characterizes this 
species and quadrupole relaxation 
of B occurs. A possible 
structure is [ (C2H NH^BF*] [BF~]. 

The fluorine species observed 
in the commercial samples are 
illustrated in Table 1, in which 

19 several other observed F NMR 
peaks are combined under the 
heading "Miscellaneous". 

The chemical composition of a 
"BF-^NHCj-H, " sample was also inves-

L9„ 3 "5"% tigated by F NMR. Three fluorine 
containing environments were found 
with fluorine distributed as 
follows, (i) BF :NHC 5H 1 0 (87.3%); 



di) BF7NH!;C CH (11.5J! and 

(iii) BF,(OK)"NH*C[.H 1.0.21}. 

Peak assignments were based on our 
previous investigations of 
"BF :NH2C.,H ". 
3 .2 . Thermal S t a b i l i t y 

So l id n BF, :NH. ,C,H" samples t h a t 
i d d n 

were annealed at 8o°C, 115°C or 
13?°; for 1 hour and then subse­
quently dissolved in DM53 exhibited 
no significant dissociation as 
detected by H. This data :s 
consistent with Harris and (16) :emins observations that 

species in the presence of added 
H O over a period of H days at 
23°C. 

However, if a large (It- fold) 
excess of H-,0 is added to the 
"BF :NH C H "/DMSO solution and the 
temperatures raised to 85°C for 1 
hour, the amount of fluorine 
present as BF,:NH C H decreased by 

i d e b 
-50$ while that present as BF (0H)~ 
NH*C,Hr increases from 51 to hQ%. 3 d 5 
TTe more stable BF^ species were 
unaffected >>y exposure to H O at 
85°C. 

BF :amine complexes do not disso­
ciate irreversibly to gaseous BF_ 
and air.ine products. (The "3F.,: 
NH_,CH " was observed to melt near 
85°C during these studies.) 

19 However, F NMR studies 
indicate that a small amount of 
the BF :NH C H may slowly con­
vert to EF and to another species 

19 which we do not detect m the F 
spectrum. There is an apparent 
loss of fluorine as illustrated in 
Tab! .• 2. The small $ of BF (OH)" 
species present in the unannealed 
sample disappears after a 1 hour 
anneal at 85°C, presumably as a 
result of either (i) reaction with 
species at the glass sample tube 
surface and/or (ii) formation of 
species which undergo chemical 
exchange at an intermediate rate 
on the NMR time scale. 
3-3. Hydrolytic Stability 

1 9 F NMR studies of "BF,:NH.n H "/ 
5 d d t> 

DMSO solutions indicated little 
change occured in the amount of 
BF 3:NH 2C 2H BF~ ar̂ d BF5(0H)~ 

The "BF,:NHC_H " species in 3 o 10 
DKSC behaved similarly to the corres­
ponding "BF.:NH C H "" species upon 
exposure to H O at 23°C and 85°C. 
3.1. Interactic , cf "BF -NH,C,H " 3 2~ £j—5-

with DPS, and TGDDM 
1 1° H and 'F NWR were utilized 

to study the interaction of the 
individual resin components of the 
C fiber - TGDDM-DDS prepregs with 
"BF 3:NH 2C 2H 5". 

It was determined that the 
i 
'H NMF spectrum of DDS in DMSO 
does net change when BF :NH C H is 
added at ambient temperature. 
"BF :NH C H "/DDS/DMSO solutions 
were then monitored after heating 
for 1 hour at 85°C, 115°C or 
139°C. The broad CH multiplet 
associated with BF :NH C H in the 
proton spectra decreased with 
increasing temperature exposure 
ultimately resulting in a sharp 
CH quartet which is associated 
with either BF~NH*C H or 
BF3(OH)"NH*C2H5 species. If 
BF •NH„C1H,_ is heated directly in 5 d d 5 



DMSO the conversion to BF. and 
the J fluorine loss is considerably 
greater than heating BF :NH C H 
in the absence of the solvent., as 
illustrated in Table 3- The con­
version of the BF :NH C H to BF~ 
species with associated fluorine 
loss could preferentially occur at 
the glass sample tube surface. 
Hence, such reactions would be 
accelerated in solution because 
th- mobility of the BF :NH : H is 
enhanced. However, we also cannot 
rule out the possibility of a 
reaction between the BF :NH C H. 
and the DMSO solvent that enhances 
conversion to BF species. 

BF,:NHC,H,n exhibits similar 3 5 10 
thermal stability trends as 
BF 3:NH 2C ?H 5. 

F NMR studies also indicate 
t'.iat significant changes in the 
BFq species occur upon heating 
"BF :NH C HC"/DDS/DM30 solutions. 
The degree of conversion to the BF, 
salt, for the sarce thermal expo­
sure, is similar to that observed 
in "BF,:NH.,C,H '7DMS0 solution, 

i d d b 
Table 3, in the absence of DRS. 
Hence, we have no direct evidence 
that DDS competes with C H NH for 
BF molecules or that DDS enhances 
BF^ salt formation upon heating in 
DMSO solution. 

The 1H NMR spectra of 
"BF :NH C H "/TGDDM/DMSO solutions 
were investigated as a function of 
thermal exposure. Heating the 
solution for 1 hour at 8~°C did 
not produce changes in the H 
spectra. However, exposures to 

115°C or 139°C for 1 hour did 
produce significant spectral 
changes. The unmodified TGDDM 
H NMR spectrum contains two 
doublets centered at 7.022 and 
6.763 ppm which are associated 
with the two types of aromatic 
protons. The five different 
chemical proton, environments /\ associated with the N-CH„-CH-CH. 

d tr 

group result in the series of 
peaks in the 2.500-3-500 ppm 
region. We have not attempted Lo 
assign peaks in this region to 
specific proton environments. Tne 
essential disappearance of the 
TGDDM aromatic proton doublets and 
the modification of the spectral 
region associated with the TGDDM 
aliphatic protons after heating 
for 1 hour at 115°C and 139^0 
confirms that BF :NH C H reacts 
extensively with the TGDDM epoxide. 

9F NMR studies, illustrated 
in Table H, indicate that the TGD? U 

epoxide enhances BF salt forma­
tion in DMSO solution. For 
example, after exposure to 115°C 
for 1 hour all the BF :NH C H 
species have disappeared in the 
presence of TGDDM. However, in 
DMSO solution in the absence of 
TGDDM, 50% of the total fluorine 
species are still in the form of 
BF,:NH^C0H. after 1 hour exposure 3 d d 5 
at 115°C, Table 3. 
3.5. Catalyst Composition in 

Prepregs 
The catalyst composition in 

Fiberite 934 and Hercules 3501 19 prepregs was investigated by F 



NHR. The epoxy resin in these 
commercial C fiber-TCDDM-DDS 
prepregs was dissolved in DMSO, 

The fluorine species observed 
in five 'different lots of Fitente 
?-,- were identified and tabulated 
in Table ?. The catalyst in this 
prepreg was identified as 
BF •NH.CH, by '"V NMR. There is 3 t 2 b 
eor.side-able varition in the 
BF~NHt? H C<. t-f-C?. 0%) and the ^ 1 2 o 
BF.rNH.C H < ̂  .?-'<?. 6? ; speries ^ 2 2 z-

:~rom lot to lot. 
We assoioate the various addi­

tional fluorine peaks observed in 
the NVH spectra with, principally 
the products c-f epoxide - active 
fluorine species reactions. The 
total fluorine in the fern of 
these products is relatively 
constant from prepreg lot to lot 
(28.2-36. 3D. 

Tee epcxy resin of a Hercules 
3501 sample was dissolved in DMSO 

19 and investigated by 'F NMR. 
19 .he "F peaks associated with 

BF •NH_CH,_ were absent arc the 
3 <- 2 5 

1:1:1:1 quartet associated with 
BF,:NHC,H,„ was found at an 1 9 F 

D 0 1U 
chemical shift valu jf -155.17 
ppm. The fluorine distribution 
among species found in this sample 
was BF (0H)~:NH*C H (2.6%); 
B F M N H 2 C 5 H 1 0 ( 9 ' 9 $ ) ; B F 3 : N H C 5 H 1 0 
(78.3%) and epoxide-fluorine 
products (9.0$). 

The Fiberite 93^ prepreg was 
exposed to a series of temperature-
time profiles and the soluble 

ratios of the intensity of the peak 
associated with BF-:NH-C_Hr (I D t, ) 3 2 2 5 Br -j 
to that intensity of the BF~NH C H 
(!„_,-) specj.es as a function of 

DP . 

exposure conditions are tabulated 
in Table t . With increasing 
anneal temperature the BF :NH C H 

3 2 2b 

species concentration decreases 
relative to the BF~NH*C H 
species. The presence of steam 
slows the relative disappearance 
of tne BF-:N.H. ",H_ species. 3 2 d 5 
3.6. Catalytic Species and 

Activity 
Our NMF. studies indicate 

BF,:NH-C.H. is slowly converted to 
_ 2 c- C 

the BF,.NH,OH_ salt with corres-
ii 3 d r 

ponding loss of fluorine upon 
heating the solid catalyst. This 
conversion to the salt is acceler­
ated in DHSO solution and further 
accelerated in TGDDM/DMSO solutions 
with an associated 20-30% loss of 
fluorine upon near complete conver­
sion to the salt. We will now 
consider the catalytic mechanism 
and activity of BF -NH C H towards 3 2 ^ 5 
the TGDDM-DDS cure reaction in the 
light of our NMR observations. 

The BF^NH-C.H,. can react 3 2 2 b 
directly with an epoxide resulting 
the formation of a monoboroester 
and HF. 

A 
BF 3:NH ?C 2H 5 + R-CH-CH2 

0BF, 
R-CH-CH -NH-C H + HF (1) 

epoxy resin portion dissolved in 
DMSO and studied by 1 9 F NMR. The 

The HF generated then reacts with 
another BF0:NH?C.HI- to form the salt. 

http://specj.es


BF :NH ?C 2H^ + HF 

BF,NH 3C 2H 5 (2) 

The HF can also react with the 
components of the prepreg resulting 
in a variety of C-F containing 
species. The formation of the 
BF~ salt requires two BF,:NH._C,H,_ 14 ^ 3 2 2 5 
molecules to be in close proximity. 
Hence, the formation of the BF^ 
salt will intimately depend on the 
dispersion of the small quantity 
CO." wt $) of the BF,:NH_1C_Hr. ? 2 t b 
cat2iyst within the prepreg and, 
therefore, as sucr, could be highly 
variaole. The monobcroester can 
act as a catalyst for the cure 
reactions but is susceptible 
to deactivation and, also, 
hydrolysis. 

There are reports ir. the 
literature of H^O deactivating 
the catalytic activity of 
BF :NH C H c. Our NMR studies 
indicate that BF -NH.C H can 

3 2 2 D 

hydrolyze to form the hydroxy 
fluoroborate s a l t , par t icu lar ly a t 
more extreme conditions ( i . e . 
85°C). 

However, our d i f ferent ia l 
scanning calorimetry (DSC) 

(20) studies indicate that when 
the BF (OH)"NH C H salt is sub­
stituted for BF :KH 2C 2H 5 in a 
TGDDM/DDS prepreg mix the cure 
reactions are not modified. This 
suggests that the BF (0H)-NH*C2H 
dehydrates back to B F ^ : N H

2
C

2
H

5 

during the early stages of cure. 
If, however, a TCDDM/DDS/BF rNH^H 

prepreg is directly exposed to H O 
vapor at 85°C, DSC studies do 
indicate either (i) a cataly­
tic species is poisoned (probably 
the monofluoroborate) and/or (ii) 
the BF :NH C H r catalyst is leached 
out of the preprea. 

All BF and BF -prepregs 
species, with the exception of the 
BF~NH*C H salt, are susceptible 
to transformation to less active 
or non-active catalytic species. 
Furthermore, our NMR results indi­
cate that the BF~NH*C H salt 
does not irreversibly, chemically 
react with the prepreg components. 

For each epoxide group to be 
catalyzed by a BF species in a 
prepreg containing O.t wt J 
"BF :NH C H " catalyst requires 
each catalytic species to act as a 
catalyst tc —200 epoxide groups. 
This means each BF^ catalytic 
species has to be chemically 
stable and mobile. Hence, we. 
suggest that the BF~NH*C H salt 
is the predominant catalytic 
species for the prepreg cure 
reactions, with the more active 
BF species becoming deactivated 
and/or immobilized during the 
early stages of cure. Harris and 

(22) Temin have reported that BF : 
amine complexes and their corres­
ponding BF^ salts cure epox­
ides in the same temperature range 
and cure times. This observation 
is consistent with the BF^ salt 
l̂ eing the predominant catalytic 
species and the BF,:amine complex 
ooverting to the BF" salt in 



the presence of epoxide groups. 
Our DSC studies of the cure 
reactions of a typical TGDDM.'DDS/ 
"8F -NH.C^H " commercial preoreg 3 2 c 5 
containg 0.1 wti "BF iNH^H,." con­
firm that the BF~NH!T Hr salt is the U- 3^2" (20) predominant catalytic species. 
These studies indicate that the 
cure reactions occur (i) 501 by 
BF,NH.C,K_ oationic catalyzed reac-

14 •_, 2 ~-

ions, (ii) 2".$ by BF_,:NH' C_H C cat-
3 ' 1 • 

alyzed reactions and (III) 25* by 
non- catalyzed reactions. 

t. CONCLUSIONS 
XH, ~ 9F and * 1 B NMR studies 

indicate that the chemical composi­
tion cf commercial "BF.,:NH C H " 

1 2 ^ 5 
and n3F :NHC H " samples are vari­
able and contain BF" and BF_(0H)~ 
salts together with another 
unidentified highly reactive 
species believed to be 
[(C r.- 5NH 2) 2BFp[BF-]. 

At 85°C and above, solid 
BF -NH C H slowly converts to the 3 c 2 5 
BF~NHtc„HV salt with associated <J i c 5 
fluorine loss. This salt formation 
is accelerated in DMSO solution, 
and further accelerated in the 
presence of the TGDDH epoxide. 
There is no evidence the prepreg 
DDS amine curing agent interacts 
chemically with the BF :NH C H . 

In the presence of H O , 
Br :NH_C_H readily hydrolyses to 
BF C0H)"NH*C H at 85°C. At 
ambient conditions, however, this 
hydrolyses is slow with little 
detectable reaction occuring after 
t days. 

In commercial TCDDM-DDS-C 
fiber 93I and 3501 prepreg3 
"BF - N H . C H " and "BF.iNHCH " 

3 2 2 5 3 5 10 
were respectively ident i f ied as 

the prepreg ca t a ly t i c species. 

These ca ta ly t ic species were in 

the form of the BF^:amine complex, 

i t s BF̂  s a l t and a var ie ty of 

boron-fluorine-prepreg species. 

The quanti t ies of the BF • NH.C.H,. 
3 2 2 5 

and BF. NH-,C„H,- species relative 
k 3 2 5 

to the total fluorine in the pre­
preg varied considerably from 
prepreg lot to lot, i.e. 
BF^:NH C H (7-U9J range) and 
BF~NH*C H (15-63% range). Upon 
heating the prepreg the BF_,:NH_C_,H, 

3 2 2 5 
is converted to the BF„NH*C_H,_ 

H 3 2 5 
salt with associated loss of 
fluorine. 

The chemically stable and 
mobile BF7NH*C H salt is identi­
fied as the predominant catalytic 
species and acts as a cationic 
catalyst for the prepreg cure -
reactions. The more reactive 
BF -amine und - prepreg species 
are susceptible to conversion to 
other species with possible 
catalytic deactivation and 
immobilization during the early 
stages of cure. 

5. REFERENCES 
1. C.A. May, "Exploratory Develop­

ment of Chemical Quality Assur­
ance and Composition of Epoxy 
Formulations," Air Force Mater­
ials Laboratory Report, 
AFML-TR-76-112 (1976). 



J.F. Carpenter, "Quality Con­
trol of Structural Nonmetal-
lics," McDonnell Aircraft 
Report, Contract No. 
N0001Q-76-C-0138 (1977). 
R.E. Trujillo and B.P. 
Engler, "Chemical 
Characterization of Composite 
Prepreg Resins," Part 1., 
Sandia Laboratory Report, 
SAND 78-150U (1976;. 
E.T. Mones and R.J. Morgan, 
Polymer Preprints, A.C.S., 
22., No. 2, 2U9, (1981). 
E.T. Mones, CM. Walkup, J.A. 
Happe, and R.J. Morgan, Proc. 
of lHh National SAMFE Techn. 
Conf., Atlanta, 89, (1982). 
R.J. Morgan, in "The Role of 
che Polymeric Matrix in proc­
essing and Structural 
Properties of Composite 
Materials," Editors J. 
Seferis and G. Nicolais, 
Plenum Press, ?07, (1983). 
R.J. Morgan, J.A. Happe, and 
E.T. Mones, Proc. of 28th 
Kiat'innal SftMPE Symposium, 
Anaheim, 596, (1983). 
R.J. Morgan, and E.T. Mones, 
in "Resins for Aerospace," 
A.C.S. Symposium Series 132, 
Editor C. A. May, A.C.S., 
Washington D.C., Ch. 18, 
(1980). 
R.J. Morgan and J.E. O'Neal, 
Polym. Plastics Tech. and 
Eng. 10(1), U9, (1978). 
R.J. Morgan, J.E. O'Neal, and 
D.B. Miller, J. Materials 
Sci. 1_M, 109, (1979) -

11. R.J. Morgan and E.T. Mones, 
Composites Tech. Rev. £, No. 
1, 11, (1980). 

12. R.J. Morgan, J.E. O'Neal, and 
D.L. Fanter, J. Materials 
Sci., Ijj, 751, (1980). 

13. R.J. Morgan, in "Developments 
in Reinforced Plastics-1," 
Editor G. Pritchard, Applied 
Science Publishers Ltd., Ch. 
7, (1930). 

If. K. Kuhimann and D.M. Grant, 
J. Phys. Chem, 6_8, 3208 
(19610. 

15. J.S. Hartman and G.J. 
Schrobilgen, Inorg. Chem. 1_1_, 
940 (1972). 

16. J.A. Harris and S.C. Temin, 
J. Appl. Pol Jin. Sci. H), 523 
(1966). 

17. A.J. Landua, Polym. Preprints, 
A.C.S. 2_4, 299 (1961). 

18. H. Lee and K. Neville, 
"Handbook of Epoxy Resins," 
McGraw-Hill, New York, (1967). 

19. Z.M. Sanjana, W.H. Schaefer, 
and J.R. Ray, Polym. Eng. anc 
Sci. 21̂ , 47U, (1981). 

20. CM. WalKup, R.J. Morgan, and 
T.H. Hoheisel, Polymer Pre­
prints, 25., No. 1, (1981)) . 



6. BIOGRAPHIES 
Jim Happe obtained his degrees 

in chemistry from Iowa State 
University and the University of 
Minnesota. He spent five years at 
the Naval Ordnance Test Station, 
China Lake, California before 
coming to LLNL. At China Lake he 
worked in the area of physical/ 
inorganic chemistry. Since coming 
to LLNL in I960 he has been pri­
marily associated with applica­
tions of nuclear c-.gnetic reson­
ance to a variety of problems in 
the a-eas cf physical, inorganic, 
organic and biomedical chemistry. 

Roger J. Morgan is a chemist 
in the Chexistry P.nd Materials 
Science Department at Lawrence 
Livermore National Laboratory, 
where he investigates the cheaical 
and physical structure, modes of 
deformation arc failure, and 
mechanical response of polymers 
ar.d C'Oir.pcE-tes, as well a" the 
effect on fabrication and envir­
onment on these factors. Before 
joining LLNL in 1978 he was with 
McDonnell Douglas Research Labora­
tories, where he was involved in 
similar studies. He received his 
B.S. in chemistry from London 
University (1965) and his Ph.D., 
in polyner physics from Manchester 
University (1968). 

Connie Walkup is a Scientific 
Associate in the Chemistry and 
Materials Science Department of 
Lawrence Livermore National 
Laboratory. His current respon­
sibility is the selection and 

characterization of epoxy resins 
used as matrices in fibrous 
composites. Prior to joining LLNL 
in 1972, he was a Senion Polymer 
Technician at Shell Development 
Company where he was involved with 
the application of epoxy-based-
polymers to adhesives, coatings 
and composites technologies. 



Table 1. Fluorine Species in "BF,:NH C H " from 1 9 F NMR. 

irce 
% of Total Fluorine as 

Soi irce Reactive 
B F 3 =NH 2C 2H 5 B F 4 BF (OH) BF 3 Miscellaneous 

Alfa 92.5 2.5 2.9 2.0 0.1 
Bauer 1.9 15.3 12.4 57.3 13-1 
Harshaw 89.7 8.9 0.9 — 0.5 
K and K 78.1 11.1 3-1 4.8 2.9 

Table 2. Effect of Thermal Annealing on the Fluorine Species in 
nBF 7:NH C,H " from 1 9F NMR. 

% Total Original Fluorine as 
Anneal Conditions Fluorine Loss BF (OH) BF,. BF_:NH,C.H_ 

5 2 2 t, 

Original, unannealed 0 
Solid 

1 nr, 85°C 8.1 
1 hr, 115DC 2.7 
1 hr, 140°C 9-7 

6.1 

0 
0 
0 

11.8 
13-8 
13-7 

92.3 

80.1 
83.5 
76.6 

Table 3- Effect of Heating on the Fluorine Species in BF :NH C H /DMSO 
19 3 2 2 . 

Solution from F NMR. 

i Total Or: iginal Fluorine as 
Heat Conditions Fluorine Loss BF (OH)" B F 4 ~ BF 3 :NH 2C 2H 5 

Unheated Solution 0 6.1 1.6 92.3 
1 hr, 85°C 5.1 0 13.1 81.8 
1 hr, 115°C 12.9 0 34.7 52.4 
1 hr, 140°C 27-3 0 60.2 12.5 



Table 4 . E f f e c t of Heat ing on t h e F l u o r i n e Spec i e s i n nBF_,:NH C,H " / 
19 3 2 2 5 

TGDDM/DMSO So lu t ion from F NMR. 

% T o t a l Or Lginal F l u o r i n e a s 
Heat C o n d i t i o n s F luo r ine Loss BF (OH)" B F 4 ~ BF 3 NH 2 C 2 H 5 

Unheated S o l u t i o n 0 • i . l 1.6 92-3 

1 h r , 8S°C 19.4 0 17 .8 62 .8 

1 h r , 115°C 23.0 0 7 7 . 0 0 

1 h r , 140°C 20 .6 0 79-14 0 

Table 5- F l u o r i n e Species in F i b e r i t e 934 Lots 

% of To ta l F l u o r i n e a s 
Epoxide-BF 

BF (OH) NH "* C 2 H 5 B F 4 "NH + C 2 H 5 BF 3 :NH 2 C 2 H 5 Produc t s 

C2-"709 3.8 38.8 25 .2 32.2 

C3-218 i).6 60.0 7 . 2 28 .2 

C3-389 0 .5 11).6 1)8.6 3 6 . 3 
r^)_ <a? 1 r i l iH .14 22.1) 31.7 

C3-546 1.4 1)9.1 18 .2 31-3 

Table 6 . The Effec t of Tempera tu re , Time and H.O on the R e l a t i v e 

E x t r a c t a b l e BF :NH_CH and BP~NH*C H S p e c i e s i n F i b e r i t e 93*4. 
3 £ 2 5 4 3 2 5 

Exposure Condi t ions X BF 3 hf^ 

Ambient 

50°C 1 hr 

50° C 5 hr 

75°C 1 hr 

100°.. : ; 1 hr 

100°C : ; 1 hr + steam 

0 .718 ; 0.71)8 

0.539 

0.551 

0.14914 

0.116 

0.326 


